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1.  ABSTRACT

Integrins are cell surface receptors that mediate
the physical and functional interactions between a cell and
its surrounding extracellular matrix (ECM).  Expressed as
heterodimers, the specific alpha or beta chains that
constitute the integrin receptor determine the repertoire of
ECM proteins to which a specific integrin may bind (table
1).  While classically, the role ascribed to integrins has
been that of anchoring cells to the ECM, the more
contemporary spectrum of integrin function greatly exceeds
that of mere cell adhesion.  Recent reports have
demonstrated that the interaction between the ECM and cell
surface integrins leads to intracellular signaling events that
affect cell migration, proliferation, and survival, which in
the context of neoplastic cells, can translate directly into the
malignant phenotype (1).  Indeed, the role of specific
integrins in tumorigenesis has been demonstrated in
numerous cancer types (table 2).

In primary tumors of the nervous system, the
contribution of integrins to the malignant phenotype of
gliomas has been an area of significant attention and
research in numerous laboratories, including that of ours.
As illustrated in table 3, several integrins have been
identified as being of key importance in glioma biology.  In
this article, we review the current knowledge of how these
integrins influence the malignant characteristics of gliomas
and, as such, how these cell surface receptors may thus
represent potential targets in the design of future
therapeutics for patients afflicted with gliomas.

2.  INTEGRINS AND THE INFILTRATIVE
BEHAVIOR OF GLIOMAS

The ability of glioma cells to infiltrate brain
structures that are adjacent to or distant from the primary
tumor site is one of the most important determinants of the
poor prognosis associated with these tumors (2).  This
infiltrative behavior of glioma cells is a function of two
phenotypes:  migration and invasion.  Although the two
terms are often used interchangeably in the context of
malignant gliomas, there are functional features that
distinguish them.  Classically, migration refers to the
capacity of locomotion on the part of tumor cells.  In
contrast, the process of invasion involves migration plus
the additional feature of a degradative function, typically
reflecting the tumor cells’ ability to effect degradation of
ECM barriers by the liberation of proteolytic enzymes
(proteases).  For both functions – migration and invasion –
there is a direct correlation with tumor grade, with the high
grade gliomas demonstrating more extensive migratory and
invasive capacities (3).  Integrins, by virtue of their cell
surface localization and their ability to physically interact
with ECM proteins, are ideal candidates to mediate both
migration and invasion.  In this regard, the process of tumor
cell motility/invasion is analogous to the climbing of a
ladder, in which the ECM proteins function as the “rungs”
of the ladder, while cell surface integrins confer upon the
motile cell the ability to physically “grip” these rungs.
Moreover, as integrins interact with the cytoskeletal
proteins within the cell (figure 1), integrins are well poised
to effect alterations in this internal protein-scaffolding
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Table 1. Pairing of integrin subunits
Subunit Pair Spectrum of ECM protein ligands
αv β3 VN,TS, OP, VWF, TN

β5 VN
β6 FN, TN
β8 ?

αΙΙβ β3 VN, Fb
β1 α1 CL, LM

α2 CL, LM, TN
α3 CL, LM, FN, ET
α4 FN, VCAM-1
α5 FN
α6 LM
α7 ?
α8 BL
α9 TN
αv FN

Abbreviations: BL: basal lamina, CL:Collagen, ECM,
extracellular matrix, ET,: entactin, Fb: Fibrinogen, FN:
Fibronectin, OP: Osteopontin, TS: Thrombospondin, TN:
tenascin, VWF: von Willebrand factor

Table 2. Integrins associated with cancers of non-CNS
origin

Integrin Tumor type References
α2β1 Breast 90,91
α3β1 Metastases 92
α5β1 Ovary 18,19

Leukemia 17
Osteosarcoma 93
Colon 20

α6 Head and Neck 94
Bladder 95
Lung 96
Colon 1
Melanoma 97-101

Table 3. Integrins in glioma biology
Phenotype Integrin Ligand
Migration/invasion α2β1 TN

α5β1 FN
α6β1 LM
αvβ3 VN

Protease regulation at tumor cell
surface

αvβ3 VN

Angiogenesis αvβ3 VN
Enhanced survival αvβ3 VN

Abbreviations: FN: fibronectin, LM: laminin, TN: tenascin,
VN: vitronectin

which is necessary to cause the cell shape changes required
for the physical act of cell motility.

2.1.  Migration on stroma-derived ECM proteins: the
role of the beta1 integrin

With the exception of the fibrous meninges that
cover the brain surface, virtually all of ECM proteins in the
normal adult brain are localized to the perivascular space,
where collagen, fibronectin, and laminin constitute the

three principal ECM proteins of the blood-brain barrier (4).
As this perivascular region (or Virchow-Robin space) is a
frequent site of infiltration by glioma cells, the
endothelium-derived and pial-glial membrane-derived
ECM proteins represent logical candidates to function as
potential promoters of glioma migration.

Of the integrin subunits that combine to form the
receptors to bind the perivascular ECM
(collagen/fibronectin/laminin), the beta-1 chain appears to
be a critical component, as it is capable of
heterodimerization with numerous different alpha chains
and thus underlies the diversity of ligand binding by the
beta-1-containing heterodimers (alpha5beta1, fibronectin
receptor;  alpha6beta1, alpha2beta1, alpha1beta1, laminin
receptor; alpha2beta1, alpha3beta1, collagen receptor; see
table 1).  As discussed below, there is abundant evidence
supporting the importance of the beta1 integrin in glioma
migration.  In vitro, neutralizing antibodies directed
towards the beta1 integrin lead to a dramatic reduction in
glioma migration (5).  In vivo, the induction of beta1
overexpression in C6 glioma cells that are implanted
intracranially into the brain of nude mice leads to diffuse
invasion in the brain (6).  Given that the beta1 chain is the
subunit that is a common denominator among the  alpha-
beta heterodimers that can bind to the ECM proteins
present in the perivascular space (i.e., collagen, fibronectin,
laminin), we will review how specific partnerships of the
beta1 chain with the various alpha subunits contributes to
glioma migration, specifically in relation to laminin and
fibronectin.

2.1.1.  Beta1 chain as a component of receptors for
laminin:  alpha6beta1 and others

Of the many ECM proteins that have been
evaluated, laminin has been demonstrated to be one of the
most permissive substrates for glioma migration in vitro (7-
10).  In vivo, evidence also exists to support a pro-
migratory role for this protein.  Laminin is present in the
perivascular region, a location commonly infiltrated by
glioma cells in vivo (4).  In xenograft models, implantation
of human glioma cells into the rodent brain was associated
with punctate areas of laminin expression, which was
presumably host-, rather than tumor-, derived (11).
Therefore, the non-neoplastic cells in the brain of
endothelial and possibly glial origin may partially provide
the ECM substrate that is permissive to the process of
glioma infiltration.

The beta1 chain is capable of combining with
numerous alpha subunits (alpha 1-9, alphaV); of these
alpha-beta heterodimers, many are capable of binding
laminin (table 1).  Whereas the great majority of these
alpha chains (alpha 2-7,  alphaV) have been shown to be
expressed by glioma cells in tissue culture (9,12), only the
alpha2, alpha3 and alpha6 chains have been found to be
consistently expressed in vivo by human glioma cells
(13,14).  Of these, alpha3 and alpha6 chains are involved in
glioma migration in vitro, as neutralizing antibodies
directed to either of these alpha subunits leads to dramatic
reductions of glioma migration in vitro on purified
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Figure 1.  Integrins as mediators of cell migration.  The
process of cell migration involves a dynamic interaction
between the cell and its extracellular environment (A).
Magnification of the site of interaction between the cell and
the proteins of the extracellular matrix (ECM) demonstrates
the convergence of numerous proteins to this site (B).
Extracellularly, the alpha-beta integrin heterodimer binds
non-covalently to the three amino acid sequence, RGD
(Arg-Gly-Asp) present in many ECM proteins.
Intracellularly, the integrin subunits interact with talin and
other proteins of the cytoskeleton, thereby generating the
contractile tension and force necessary to induce cell shape
changes that accompany cell motility.  As well, integrin
ligation classically leads to the phosphorylation of focal
adhesion kinase (FAK), which in turn, permits the binding
of another tyrosine kinase, Src, thereby activating
intracellular signal transduction pathways that also
contribute to the locomotive process of the migrating cell.
(For simplicity, many focal adhesion elements have been
omitted from this diagram). Abbreviations:  ECM,
extracellular matrix; FAK, focal adhesion kinase; RGD,
Arginine-Glycine-Aspartate.

laminin.  In contrast, antibodies to the alpha2 chain had no
discernible effect (5,9).

Interestingly, while glioma migration on laminin
is integrin-mediated (i.e., migration was inhibited by
neutralizing antibodies to the alpha6 or beta1 subunits that
comprise the laminin receptor), cell adhesion to laminin
may be a function mediated by both integrins and a non-
integrin receptor, such as the 67 kDa laminin receptor
(8,9,15).  In this regard, neutralizing antibodies directed
toward the alpha6 and beta1 subunits inhibit the adhesion
of U251MG glioma cells to laminin (15), whereas the anti-
adhesive effect of these integrin antibodies on other glioma
cell lines is less pronounced.  These finding suggests that
the processes of glioma migration and adhesion on laminin
may be controlled independently, with migration on
laminin being integrin-mediated, while the adherence of
glioma cells to this ECM substrate being only partially
dependent on integrins.

2.1.2.  The alpha5beta1 integrin: receptor for
fibronectin

The alpha5beta1 integrin is the high affinity
receptor for fibronectin, an abundant component of the
blood brain barrier.  As predicted from the observation that
β1 facilitates glioma migration, its alpha5 partner seems to

promote glioma migration.  Fibronectin itself is a
permissive substrate for glioma migration (7,9,16).  In
some studies, neutralizing antibodies to the alpha5 integrin
reduce glioma migration in vitro (9), suggesting that the
beta1 subunit, when heterodimerized with alpha5, may
interact with fibronectin in a way that facilitates glioma
motility. Conversely, the interaction between integrin
receptors and fibronectin may sometimes function as an
inhibitor of glioma migration, as neutralizing antibodies to
alpha5 have also been associated with enhanced glioma
migration (12).  Similarly, the overexpression of the
alpha5beta1 heterodimer has been associated with a
reduction in tumorigenicity in K562 erythroleukemia cells
(17), Chinese hamster ovary cells (18,19), and in HT29
colon carcinoma cells (20).

While it remains to be reconciled as to how
alpha5beta1 can serve both a facilitatory and inhibitory
effect on glioma migration, there are at least two possible
explanations.  First, the effect may be cell-dependent, as
alpha5-neutralizing antibodies demonstrated the differential
effects on the migration or invasion of the following glioma
cell lines:  inhibition of D37MG (9), increased invasion of
U138MG cells (12), and no effect on U251.3MG migration
(21).  Secondly, the effect of alpha5beta1 in glioma
migration may depend upon the composition of proteins
present in the ECM.  In the in vitro experiments in which
neutralizing antibodies to alpha5 reduced migration (9),
glioma cells were seeded onto purified fibronectin.  In
contrast, in the setting where alpha5-neutralizing antibodies
promoted glioma invasion (12), glioma cells were plated
onto Matrigel, which contains not only fibronectin, but
numerous other ECM proteins in addition to fibronectin,
such as entactin, laminin, collagen, and vitronectin, as well
as growth factors, thus raising the possibility that other
integrins expressed by glioma cells, when ligated by their
respective ECM ligand, may influence the effect of the
alpha5beta1 integrin on glioma migration.

2.2.  Integrins that interact with ECM proteins
produced by glioma cells

The ECM proteins discussed thus far
(fibronectin, laminin, collagen) are derived from the non-
neoplastic cell populations in the brain.  In contrast to these
stroma-derived ECM proteins, several ECM proteins have
been shown to be expressed directly by the glioma cells
themselves, which include tenascin, vitronectin, hyaluronic
acid, osteopontin (22).  These glioma-derived ECM
proteins may thus function as autocrine factors that
promote glioma migration.  This section will focus on the
integrin-mediated migration on tenascin and vitronectin
[migration on hyaluronic acid is CD44-mediated; for
literature related to this subject, the reader is referred to a
recent review (23) and other reports (14,24-27)].

2.2.1.  Tenascin
Tenascin is an adhesive ECM protein whose

receptors include multiple integrins, likely reflecting the
multi-domain structure of this adhesive protein (28).  On
endothelial cells, the alpha2beta1 and alphaVbeta3
integrins are capable of binding tenascin, while on
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epithelial cells, the alphaVbeta6 and alpha9beta1 function
as tenascin receptors (28-31).  Of these integrins, the
alphaVbeta3 and alphaVbeta6 heterodimers interact with
the RGD-site [SRRGDMS in tenascin (28)], one of the
peptide domains in ECM proteins recognized by integrins,
while alpha2beta1 interacts with tenascin in an RGD-
independent manner (31).

Tenascin can be involved in either physiologic or
pathologic functions, depending on the circumstances and
the cell type in which it is expressed.  Outside the nervous
system, its physiologic roles include mesenchymal-
epithelial interactions during tissue remodeling and
differentiation in the gut, kidney, and mammary gland (32-
35).  In the central nervous system, tenascin promotes
cerebellar granule cell migration (36) and neurite
outgrowth (37).  In terms of cancer biology, tenascin
expression has been correlated with the malignant behavior
of numerous tumor types (38-40), including carcinomas of
the colon (41), breast (42), as well as gliomas (43-46).

With respect to gliomas, the processes of
adhesion and migration on tenascin appear to be mediated
by distinct integrin heterodimers expressed by glioma cells.
The alpha2beta1 integrin is capable of mediating both
adhesion and migration of glioma cells on tenascin, a
function that appears to be independent of the RGD
sequence-containing domain (SRRGDMS) of this ECM
protein (30).  Tenascin is an extremely permissive substrate
for glioma migration, a function attributable to the
alpha2beta1 integrin, as neutralizing antibodies to either
subunit chain effectively inhibit the migratory capacity
(21).

In contrast, the alphaV-containing integrins
(alphaVbeta3, alphaVbeta6) that interact with tenascin are
capable of mediating adhesion but not migration on this
ECM protein.  In contrast to the alpha2beta1 integrin, the
adhesive function of the alphaV-containing heterodimers is
RGD-dependent (28).  Moreover, evidence exists to
suggest that the  alphaV-containing integrins are inhibitory
with respect to glioma migration on tenascin, as targeting
the alphaV integrin with antisense oligonucleotides  (47) or
with neutralizing antibodies (48) leads to facilitation of
glioma migration on tenascin.

Thus, with respect to glioma biology, tenascin
may contain at least two functional domains whose
interaction with specific integrin heterodimers can
significantly alter the migratory behavior of glioma cells.
The RGD-independent domain of tenascin facilitates both
adhesion and migration through its interaction with the
alpha2beta1 integrin.  Alternatively, while the RGD-
containing domain, through its binding to the alphaV-
containing integrins, facilitates cell adhesion, this
interaction may actually inhibit cell migration on tenascin.
Thus, the degree of glioma migration on tenascin may
depend on the net balance between two potentially
opposing forces:  the pro-migratory function of the
alpha2beta1 integrin versus the anti-migratory tendency of
the alphaV-containing integrins.

In vivo, while tenascin is expressed during the
development of a various organs, including the brain (see
above), the normal adult brain is devoid of tenascin
expression.  However, under neoplastic conditions, tenascin
expression becomes evident, with its levels correlating with
the grade of the glioma (43).  The expression of tenascin is
restricted to the tumor mass, with the adjacent normal brain
remaining negative for tenascin.  In this regard, two cell
populations within the tumor bulk synthesize tenascin:  the
glioma cells and endothelial cells.

While there is abundant and direct evidence in
the in vitro literature supporting a role for tenascin in
glioma migration, the evidence to generalize this role to the
in vivo arena is more circumstantial.  For example, both
tenascin expression and glioma migration/invasion in vivo
increase in parallel with tumor grade.  As well, tenascin
expression by glioma cells in vivo has also been correlated
with the occurrence of leptomeningeal spread of glioma
cells in patients (49).  In these circumstances, it is possible
that, similar to the in vitro condition, tenascin (whether
derived from glioma cells or endothelium) interacts with
cell surface integrins of gliomas to facilitate the migration
process.

The expression of tenascin by endothelial cells is
much more prominent than that by glioma cells in vivo
(50,51).  Both immunohistochemical and in situ
hybridization analyses which demonstrate intense labeling
of the vasculature (especially hyperplastic vessels) and the
juxtaposed basement membrane , thereby suggesting an
angiogenic role for tenascin through its interaction with
endothelial  alpha2beta1 and alphaVbeta3 integrins.  Thus,
the correlation between tenascin expression and glioma
grade may be a reflection of the degree of angiogenesis,
which also increases with tumor grade.  In support of a
predominantly angiogenic, rather than invasive, role for
tenascin, the expression of this ECM protein is also
abundant in the hyperproliferative vessels of juvenile
pilocytic astrocytomas (JPAs), which are characteristically
highly angiogenic, but non-invasive tumors (43).

Regardless of its predominant function in vivo –
migratory versus angiogenic – the restricted expression of
tenascin to the tumor mass has been exploited by Bigner’s
group, in which tenascin serves as a target for directing
anti-tumor therapeutics selectively to the tumor bed (see
section 5.2).

2.2.2.  Vitronectin
Vitronectin (VN) is a multifunctional 75 kDa

glycoprotein that constitutes the major adhesive component
of serum, and permits the attachment and spreading of cells
propagated in serum-containing media in culture (52).  In
vivo, the physiological roles of VN have been shown to
include the regulation of thrombosis, fibrinolysis, and
complement-mediated cell lysis in the circulation.  In the
central nervous system, VN expression is abundant in the
developing retina, where it functions as a positive
modulator of neurite outgrowth (53) and contributes to
other functions in the developing brain (54).
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Figure 2.  Vitronectin and its receptor:  regulation of
protease activity.  The alphaVbeta3 integrin heterodimer
comprises the classic receptor for vitronectin (VN).
Depending on its conformational state, VN can bind either
(A) the serine protease plasminogen (PA), or (B) the
protease inhibitor, PAI-1 (plasminogen activator inhibitor
type 1).  When plasminogen is bound to the VN-
alphaVbeta3 complex, plasminogen is converted to its
active form, plasmin.  Plasmin, in turn, contributes to
glioma cell invasion by directly degrading ECM proteins
and/or by the proteolytic activation of metalloproteinases,
such as MMP-9, from its pro-enzyme form to the
enzymatically active form.  When the VN-alphaVbeta3
complex binds PAI-1 (B), the conversion of plasminogen to
plasmin is impeded.  While this should presumably
decrease tumorigenicity by way of inhibiting the invasive
process, PAI-1 overexpression has been paradoxically
associated with increased tumorigenicity in numerous
tumors, including gliomas.  The presence of PAI-1 at the
cell surface may, in part, function to stabilize cell-ECM
interactions, which may also be necessary for the process of
cell motility (see Section 2.3 for discussion).  Recently, the
alphaVbeta3 heterodimer has been shown to also function
as a receptor for another metalloproteinase, MMP-2, which
in turn, can effect ECM protein degradation to contribute to
the invasive phenotype. Abbreviations:  VN, vitronectin;
MMP-9, matrix metalloproteinase-9; PA, plasminogen;
PAI-1, plasminogen activator inhibitor type 1.

Although the normal adult cortex and white
matter are devoid of VN, VN is re-expressed in the brain
parenchyma by malignant gliomas.  In particular, VN is
expressed by glioma cells themselves, as demonstrated by
immunohistochemical (55) and in situ hybridization
analyses (56).  Moreover, several features of VN
expression by glioma cells in vivo support a potential role
for this ECM protein in the malignant phenotype of
gliomas (55,56).  1) VN expression by glioma cells in vivo
correlates with tumor grade, being most abundant in
gliomas of high grade histology (glioblastoma; highly
invasive), less in intermediate-grade gliomas, and virtually
absent in low-grade lesions.  2) The expression of VN is
largely restricted to the tumor cells at the tumor-brain
interface, the site at which the process of
migration/invasion is most active.  3) In vivo, glioma cells
also express the two cognate receptors for VN, the
alphaVbeta3 and alphaVbeta5 integrins.  In particular, the

alphaVbeta3 integrin complex is expressed specifically by
glioma cells at the advancing tumor margin, the area in
which VN expression is especially abundant.  Taken
together, the colocalization of an adhesive ECM protein as
well as its receptor (alphaVbeta3 integrin) to the advancing
margin of the tumor strongly suggests that VN and its
integrin receptor participate in the process of tumor
migration and invasion.

In vitro, the evidence supporting a role for VN and
its integrin receptors in glioma migration is more direct.
While VN is more permissive than collagen for U-251MG
migration using a haptotactic double chamber Boyden type
migration assay, it is not as permissive as collagen or
laminin if measured in a radial monolayer migration assay
(57).  Nonetheless VN does support both adhesion and
migration of glioma cells (55-57).  As well, the treatment of
glioma cells with neutralizing antibodies to the alpha
(alphaV) and beta (beta3) subunits of the classic VN
receptor leads to a dramatic reduction in glioma migration
(12).  Conversely, when glioma cells are treated with
platelet-derived growth factor (PDGF), which is a potent
stimulator of glioma motility, the consequent increase in
glioma migration is due in part to integrin alphaVbeta3
(58).  Cell motility requires that the cell alternates between
detachment from extracellular matrix and its reattachment
to the matrix.  In this regard, the internalization of
vitronectin by the alphaVbeta3 integrin permits the
disassembly of focal adhesions that is necessary for the
detachment process, while the subsequent redistribution of
the alphaVbeta3 integrin heterodimer to the cell surface
induced by PDGF re-establishes the cell’s physical contact
with the matrix (58).  Thus, the ability of alphaVbeta3 and
alphaVbeta5 integrins to promote glioma motility may be
related not only to their ability adhere to the extracellular
matrix, but as well by their ability to detach from the matrix
by  internalizing their ligand, vitronectin (15).

2.3. Integrins in the regulation of protease activity:
focus on the alphaVbeta3 integrin

The interaction between the alphaVbeta3 integrin
and vitronectin provides the glioma cell with not only the
physical substrates required for motility, but may also
contributes to the process of tumor migration by alternate
mechanisms as well.  Specifically, the alphaVbeta3 integrin
may influence tumor migration and invasion by regulating
the localization and activation of tumor-derived proteases
at the plasma membrane of the tumor cell.

As illustrated in figure 2, the alphaVbeta3 integrin
typically binds its classic ligand, vitronectin.  In turn,
vitronectin, depending upon its conformation, is capable of
binding either a protease (plasminogen) or a protease
inhibitor (PAI-1; plasminogen activator inhibitor type 1)
(59).  This unique ability of alphaVbeta3 to form a
trimolecular complex that can either promote or inhibit
serine protease activity may permit this integrin to regulate
the net proteolytic activity at the tumor cell surface.  When
the trimolecular complex binds plasminogen and therefore
favors proteolysis, local degradation of protein- and cellular
barriers may ensue to facilitate invasion, thereby clearing a
path over which tumor cells migrate or invade.
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Conversely, the binding of the protease inhibitor (PAI-1)
may lead to the stabilization of integrin-ECM interactions
that provide the necessary “traction” or “grip” necessary for
tumor cell locomotion (59).  In this regard, the
overexpression of the protease inhibitor, PAI-1, has
paradoxically been correlated with increased
tumorigenicity of various peripheral tumors (60-66) as well
as gliomas (67-70).  As such, the classic anti-invasive role
ascribed to protease inhibitors may be somewhat restrictive,
as protease inhibitors, such as PAI-1, may also contribute
to the migratory/invasive phenotype.

In addition to its ability to regulate the activity of the
serine proteases, such as the  plasminogen/plasmin system,
the alphaVbeta3 integrin also impacts upon the activity of
matrix-metalloproteinases (MMPs) at the tumor cell surface
by two mechanisms.  First, the plasminogen that is bound
to the alphaVbeta3-vitronectin complex at the cell surface
is ultimately converted to its active form, plasmin, which is
the principal enzyme that proteolytically converts the
majority of pro-MMPs to their active counterparts by
cleavage of the leader peptide (71-73).  Secondly, the
alphaVbeta3 integrin can also directly bind activated
MMP-2, thereby concentrating this protease to the tumor
cell surface (74).  Hence, alphaVbeta3 is a multi-functional
integrin; it serves as a physical link between the tumor cell
and ECM ligands such as vitronectin for cell locomotion, as
well as providing the tumor cell with the ability to
concentrate and regulate protease function to the cell
surface, thereby regulating the infiltrative capacity of
glioma cells.  Moreover, this integrin is also involved in the
process of angiogenesis and may also contribute to the
chemoresistant phenotype of gliomas, which is discussed
below (see section 4).

3.  INTEGRINS IN GLIOMA PROLIFERATION

The interaction between the cell surface integrin
and ECM may also impact upon cell proliferation.  One of
the postulates that describes the relationship between cell
proliferation and its interaction with the ECM is that of the
“go or grow” hypothesis.  Central to this postulate is that
cell migration (“go”) and proliferation (“grow”)
theoretically cannot occur simultaneously, presumably as
the internal cytoskeleton of the cell cannot support both
phenomena concurrently.  Support for this premise was
originally observed in fibroblasts, in which the ligation of
the fibronectin receptor (alpha5beta1 integrin) is associated
with exit from the cell cycle (1).  Similarly, the ligation of
the alpha5beta1 integrin on colonic carcinoma cells leads to
a reduction in proliferation rate (20).  In gliomas, Giese et
al. have demonstrated similar findings (75).  Using an in
vitro migration assay, in which the radial migration rate
away from a seeded pellet of tumor cells is quantified, they
were able demonstrate a gradient in cell
proliferation/cycling.  In this regard, the proportion of cells
in cycle (as assessed by BrdU labeling) was much higher
for non-migratory cells near the core compared to the low
BrdU labeling index for highly migratory cells at the
periphery. Thus, while stationary cells residing in the tumor
core in the model by Giese et al. are highly proliferative,
the cells at the periphery, while less proliferative, take on a

more migratory and thus infiltrative phenotype.  As such,
the glioma cell may essentially trade one malignant
phenotype of proliferation for the other of
migration/infiltration.  Whether this observation could be
extrapolated to other cell types or to the in vivo setting is
less clear.   In the context of brain tumor cells in vivo,
approximately 25-30% of the tumor cell population is in
cycle.  Of the remaining ~70% of the tumor, a proportion
of these constitutes the pool of cells that are capable of
migration and infiltration into the surrounding brain.  As
such, future therapeutics for brain tumors will likely need
to target the processes of cell proliferation simultaneously
with that of cell migration.

4.  THE ALPHAV AND BETA3/5 INTEGRINS
AS MEDIATORS OF CELL SURVIVAL:  ROLE
IN ANGIOGENESIS & CHEMORESISTANCE

While the receptors for vitronectin, the
alphaVbeta3 and alphaVbeta5 integrins, are expressed by
glioma cells and clearly contribute to their pathogenesis,
the role of vitronectin receptors in the biology of
endothelial cells may also contribute indirectly to glioma
tumorigenesis.  In particular, Cheresh’s group has
pioneered the concept that the alphaVbeta3 integrin
expressed by endothelial cells plays a critical role in the
process of angiogenesis, as ligation of the alphaVbeta3
integrin is associated with enhanced survival of the
endothelial cell both in vitro and in vivo.  Ligation of the
endothelial alphaVbeta3 integrin results in intracellular
signals that leads to the increased expression of the
antiapoptotic protein, Bcl-2, with a coordinate reduction in
the levels of the proapoptotic protein, Bax (76).  This
stoichiometric change consequently increases the Bcl-
2:Bax ratio, thereby tipping the intracellular balance in
favor of cell survival through the inhibition of apoptosis.
Conversely, while activation of the endothelial
alphaVbeta3 integrin enhances cell survival, Cheresh’s
group has also shown that disruption of this receptor with
neutralizing monoclonal antibody, LM609, effectively
inhibits angiogenesis in vivo as a result of the induction of
massive apoptosis of endothelial cells (77).  While the anti-
angiogenic effects of alphaVbeta3 antagonism, either via
neutralizing antibodies (77,78) or recently developed
peptidomimetic inhibitors (79,80), have been demonstrated
in peripheral tumors, the potential utility of targeting the
alphaVbeta3 of the endothelial cells in primary brain
tumors remains to be assessed.  This may represent a useful
target, as mRNA protein levels for alphaVbeta3 integrin
have been shown to be upregulated on the endothelial cells
of small capillaries in malignant gliomas (81).

Given that the alphaVbeta3 integrin (as well as
alphaVbeta5, the other receptor for VN) is also expressed
on the surface of malignant glioma cells in vivo (55,56), we
have recently pursued the hypothesis that these VN
receptors may also confer a survival advantage to the
glioma cells (unpublished results).  In this regard, we have
shown that ligation of either receptor for VN –
alphaVbbeta3 or alphaVbeta5 – is associated with
enhanced survival of glioblastoma cells.  Moreover, the
enhanced cell survival conferred by these two VN receptors



Integrins & gliomas

194

translates into the phenotype of chemoresistance, a feature
that typifies high grade gliomas.  Similar to the observation
in endothelial cells (76), activation of VN receptors in
glioma cells was associated with the increased expression
of anti-apoptotic proteins – Bcl-2 as well as Bcl-XL.  As
levels of the proapoptotic protein, Bax, did not change, the
net effect was to tip the balance in favor of cell survival by
way of inhibiting apoptosis.  As such, the interaction
between the vitronectin receptors and vitronectin may
contribute to the phenotype of treatment resistance in
malignant gliomas via an autocrine loop, as glioma cells
express VN as well as its cognate receptors.

5.  CONCLUSIONS AND PERSPECTIVES

Although the role traditionally ascribed to the
interaction between cell surface integrins and the proteins
of the extracellular matrix was one of simple cell adhesion,
research over the past decade have demonstrated the
importance of the cell-ECM interaction in a diverse set of
functions.  In the context of malignant gliomas, integrins
impact upon virtually all features that comprise the
“malignant phenotype,” encompassing migration, invasion,
angiogenesis, and resistance to anti-tumor therapeutics.
Given the diversity of functions of integrins and ECM
proteins in glioma tumorigenesis, the integrin-ECM
interaction thus constitutes a logical area for further
research as well as a potential target for therapeutic
strategies.

5.1.  Integrins:  what is their role in the low- and
intermediate-grade gliomas?

Gliomas can be categorized by a three-grade
system, consisting of the low-, intermediate-, and high-
grade (glioblastoma multiforme) histologies.  As the great
majority of investigations in glioma research are focused on
the high grade tumors, the contribution of integrins and
ECM proteins to the neoplastic properties of these tumors
has been well characterized.  However, the role of integrins
and ECM proteins in the biology of the lower grade tumors
remains relatively unaddressed.

While the low- and intermediate-grade
histologies are by definition less aggressive than the high
grade glioblastomas, these less advanced gliomas can also
manifest the menacing features that stem from their
migratory capacity.  As noted in Section 2, the functional
distinction between migration and invasion is that while
migration simply refers to cell motility or locomotion, the
process of invasion involves migration plus the cell’s
ability to degrade barriers by way of proteases.  In contrast
to high  grade/glioblastoma tumors, the lower grade
gliomas are typically less invasive, as they usually express
significantly less proteases necessary for degrading the
surrounding protein- and cellular barriers.  However, many
of these tumors are still capable of motility, and are thus
able to infiltrate the normal brain.

The prototypical clinical situation in which the
migratory capacity of a low-grade glioma is the major
determinant of poor patient prognosis is that of gliomatosis
cerebri.  In this condition, the histological analysis of the

biopsy or resected sample often reveals the hallmarks of a
“low-grade” glioma, with little or no evidence for
proliferation, pleomorphism, or vascular proliferation.
However, despite their low-grade microscopic features,
these tumors are, by definition, highly infiltrative, with
tumor involving not only multiple contiguous lobes in one
hemisphere, but often crossing via white matter tracts to the
contralateral hemisphere.  In this context, we are in need of
delineating the integrins as well as other factors
contributing the migratory behvavior of these cells, as this
condition clearly exemplifies how migration alone can
contribute to poor patient outcome.

5.2.  Targeting specific integrins and ECM proteins
Of the numerous integrin chains expressed by

glioma cells in vivo, the beta1 subunit may be one of the
most important components in the process of tumor
migration and invasion, given its ability to heterodimerize
with various alpha subunits to form the receptors for the
ECM proteins permissive for glioma migration (see section
2.1).  For example, the partnership of β1 with alpha
subunits 2,3,5, and 6 constitute the receptors for laminin,
fibronectin, and collagen, which comprise the major ECM
proteins of the perivascular basement membrane, a region
often infiltrated by glioma cells.  The alphaV integrin,
when paired with the beta3 chain, forms the vitronectin
receptor, which mediates not only migration, but also
functions to concentrate both the serine- and metallo-
proteinases to the plasma membrane of the glioma cell
(figure 2), thereby further contributing to the migratory and
invasive phenotype.  Collectively, these integrin subunits
constitute the pro-migratory integrins and thus would pose
logical targets for inhibition.

Integrins may potentially be targeted through
numerous approaches.  At one level, a specific pro-
migratory alpha or beta subunit can be targeted using
antisense oligonucleotide methods (47).  Conversely, it is
conceivable that an anti-migratory integrin can be targeted
for overexpression using gene therapy approaches.  At the
next level, the alpha-beta heterodimer complex can be
inhibited in several ways.  As some integrin heterodimers
interact with the RGD-amino acid sequence of the ECM
macromolecule (figure 1), this interaction is amenable to
potential pharmacologic inhibition by the use of soluble
RGD-containing peptides (82,83).  However, the RGD
sequence is present in many ECM proteins; moreover,
many different alpha-beta heterodimers are capable of
binding to the RGD domain.  Consequently, standard
soluble linear peptides would be not be able to offer
selective inhibition of a specific heterodimer.  Rather, in
contrast to linear RGD peptides, cyclic RGD-containing
peptides are more selective in their ability to antagonize
specific integrin heterodimers, namely the receptors for
vitronectin (alphaVbeta3 and alphaVbeta5 integrins).  As
well, a neutralizing monoclonal antibody specifically
directed against a target heterodimer would offer
selectivity; indeed, Cheresh’s group has used the LM609
antibody to target specifically the alphaVbeta3 complex
both in vitro as well as in vivo (76-78).  More recently,
peptidomimetic inhibitors selective for the alphaVbeta3
heterodimer have also demonstrated anti-tumor effects in
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vivo, in which this inhibitor was able to inhibit the growth
of germ cell tumors in a nude mouse model (79,80).

In addition to targeting the integrin chains or
heterodimers, the ECM proteins that interact with these
integrins can also be targeted for potential therapeutic
design.  For gliomas, this concept has been pursued by
Bigner and others, who have identified the ECM protein,
tenascin, as a target for immune-directed therapy.  Taking
advantage of the observation that the in vivo expression of
tenascin in the adult brain is restricted to primarily the
blood invessels in the glioma mass (see section 2.2.1), this
group has developed a tenascin-specific antibody to which
a radioisotope (I131) has been conjugated, thereby
selectively targeting the tumor mass for immune-directed
radiation delivery (84-86).  Based upon encouraging results
in the nude mouse model (87) and initial patient
evaluations (88), they have recently completed a phase I
study of this agent in glioma patients (89).  Given that
another ECM protein, vitronectin, is also selectively
expressed by the glioma tumor mass, vitronectin may also
be amenable to a similar therapeutic approach.

Thus far, while the role of integrins and
extracellular matrix proteins in glioma tumorigenesis has
been well substantiated, integrins have not yet been
targeted for therapeutics.  Of the integrins expressed by
gliomas, the alphaVbeta3 may be one of the most logical
candidates for antagonism, as its expression of this
heterodimer by glioma cells contributes to the processes of
glioma migration, protease activation (and thus invasion),
and possibly chemoresistance.  Moreover, as the
alphaVbeta3 integrin is also highly expressed by the
hyperplastic capillaries in these tumors, antagonism of this
integrin may also impact upon angiogenesis.  Thus, given
its pleiotropic impact on glioma biology, targeting this
integrin may impact upon multiple facets of the malignant
phenotype.  While antibodies and recently developed small
molecule inhibitors directed towards alphaVbeta3 have
shown promising results in peripheral tumors, such as
melanoma and germ cell tumors, their potential efficacy in
the context of malignant gliomas remains to be addressed;
these are studies that are currently being assessed in our
laboratory.
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